Many reef-building corals form symbioses with dinoflagellates from the diverse genus Symbiodinium. There is increasing evidence of functional significance to Symbiodinium diversity, which affects the coral holobiont's response to changing environmental conditions. For example, corals hosting Symbiodinium from the clade D taxon exhibit greater resistance to heat-induced coral bleaching than conspecifics hosting the more common clade C. Yet, the relatively low prevalence of clade D suggests that this trait is not advantageous in non-stressful environments. Thus, clade D may only be able to out-compete other Symbiodinium types within the host habitat when conditions are chronically stressful. Previous studies have observed enhanced photosynthesis and fitness by clade C holobionts at non-stressful temperatures, relative to clade D. Yet, carbon-centered metrics cannot account for enhanced growth rates and patterns of symbiont succession to other genetic types when nitrogen often limits reef productivity. To investigate the metabolic costs of hosting thermally tolerant symbionts, we examined the assimilation and translocation of inorganic 15 N and 13 C in the coral Acropora tenuis experimentally infected with either clade C (sub-type C1) or D Symbiodinium at 28 and 30 1C. We show that at 28 1C, C1 holobionts acquired 22% more 15 N than clade D. However, at 30 1C, C1 symbionts acquired equivalent nitrogen and 16% less carbon than D. We hypothesize that C1 competitively excludes clade D in hospite via enhanced nitrogen acquisition and thus dominates coral populations despite warming oceans.
Ocean warming is increasing coral reef mortality following mass bleaching events (Hoegh-Guldberg et al., 2007) . Observations of thermal tolerance conferred by Symbiodinium clade D give hope that proliferation of D may enhance the corals' resilience to bleaching by avoiding post-bleaching mortality (Stat and Gates, 2011) . Higher post-bleaching survivorship has been observed in corals hosting clade D in the Coral Sea , eastern Pacific (Lajeunesse et al., 2010) and western Atlantic (Baker, 2001) . However, clade D associations are generally found in low abundance in all but the warmest and/or most turbid coastal seas (Stat and Gates 2011) , where as associations with clade C Symbiodinium are more prevalent (Baker et al., 2004) . We hypothesized that, at non-stressful temperatures, the common clade C Symbiodinium (subtype C1) is a better partner, acquiring, assimilating and transferring more photosynthetic resources in the form of carbon (C)-rich carbohydrates and nitrogen (N)-bearing amino acids to the host than clade D, but that the opposite is true under thermal stress. effectively isolates the coral's autotrophic nutritional pathways as only the symbionts possess Rubisco and nitrate reductase enzymes for converting these inorganic substrates into organic products (Yellowlees et al., 2008) . Indeed, we observed that 15 N and 13 C enrichments overall (expressed as atom percent or AP) were higher in the symbiont fraction than in the host fraction after 12 h of incubation. This indicates that the synthesis of isotopically enriched organic biomolecules within the symbiont preceded translocation to the host.
There was a significant difference in the amount of isotopically labeled nitrogen, but not carbon assimilated by clade C1 and D holobionts after 12 h at 28 1C (Figures 1 and 2 Figure 2d ), whereas there was no significant difference in carbon assimilation (Figure 2a ).
These observations suggest that Symbiodinium C1 has a competitive advantage for acquiring nitrogen at non-stressful temperatures, and this benefit is conferred to the host. This observation provides a compelling new mechanism for how C1 dominates coral populations via succession and competitive exclusion of D, despite clade D's higher infection rates in juvenile hosts (Abrego et al., 2009) . Given a limited pool of nitrogen within the host habitat, clade C1 Symbiodinium utilize this resource more efficiently, which could have the effect of increasing population growth while simultaneously inhibiting the growth of congeners which remain nitrogen-limited. This might explain why members of clade C remain globally dominant, as over time they can outcompete other clades for limiting nutrients. Moreover, differential nitrogen uptake and assimilation provides a more likely mechanism for enhanced growth rates observed in C1-dominated holobionts versus conspecifics hosting clade D (Little et al., 2004) as growth cannot be sustained by photosynthetic carbon fixation alone, especially when reef productivity tends to be nitrogen-limited (Muscatine et al., 1989; Fagoonee, 1999) .
The relative patterns of nutrient acquisition by the two Symbiodinium clades were reversed at elevated (Figures 2a,c) , there was a significant separation between the mean AP 13 C at 301C (C1 host : 2.44 ± 0.08 vs D host : 2.78 ± 0.09; Figure 2c ). Clade D's enhanced ability to acquire nitrogen at higher temperature may explain why this clade is commonly found in thermally stressful environments. Warming would enhance clade D's nitrogen metabolism, thus allowing for increased rates of growth and proliferation within the host environment. Clade D's competitive edge in chronically warm environments would be further strengthened by the impaired carbon fixation by clade C1 at elevated temperatures. The reduction of carbon fixation and translocation by C1 is indicative of reduced photosynthetic efficiency associated with elevated temperatures (Rowan, 2004; Hughes et al., 2010) , whereas carbon fixation of clade D holobionts was increased with elevated temperature. The impairment of photosynthate translocation from symbiont to host has recently been identified as a key factor for coral bleaching. Hosts lacking energy derived from symbiont photosynthates may not sufficiently supply exogenous CO 2 to their symbionts, thus increasing photorespiration, oxidative damage and symbiont expulsion (Wooldridge, 2009) .
Taken together, these results shed new light on how biogeochemical cycles within the coral holobiont may underlie the relative distribution of symbiont types among their hosts. In particular, this study highlights the importance of differential thermal sensitivity of nitrogen metabolism within the coral holobiont. Coral symbioses evolved in oligotrophic seas. Therefore, we propose that competition for limited nitrogen affects symbiont abundance and diversity within the host. In our experiment, clade C1 symbionts obtained and translocated substantially more nitrogen than clade D, and slightly more carbon at non-stressful temperatures. This suggests an advantage for clade C1 holobionts for maximizing growth and fitness. However, at higher temperature, clade D maintained carbon fixation, whereas clade C1 declined. Clade C Symbiodinium may be more competitive, and may come to dominate adult colonies via succession at normal temperatures, whereas D persists in a small portion of the local population by enduring thermal stress.
Regardless of assertions that coral bleaching and/or symbiont shuffling may be an adaptive response to warming oceans (Jones, 2008) , our results suggest that global increases in coral associations with thermally tolerant Symbiodinium will not occur as long as highly competitive congeners are able to re-establish themselves within the host during periods of low thermal stress. Much like terrestrial plant communities, we propose that the resource ratio hypothesis is applicable to competition among symbiont clades for growth limiting nutrients within the host environment (Tilman, 1985; Knowlton and Rohwer, 2002) . In addition to nitrate, other nitrogenous compounds, phosphorus and trace metals are important targets for future studies of the effect on rising temperatures on the assimilation of limiting nutrients by diverse Symbiodinium lineages. Moreover, investigating the role of nitrogen pollution in disrupting coral-algal symbioses, perhaps by saturating in hospite nitrogen concentrations and thus favoring opportunistic and less efficient symbiont genotypes warrants further investigation (Wooldridge and Done, 2009 ). In addition to temperature and sedimentation, nitrogen saturation may be another important factor leading to higher proportions of clade D hosting corals in nearshore environments subject to terrestrial influence (Lajeunesse et al., 2010; Cooper et al., 2011) . Finally, we emphasize the need to focus on essential elements in addition to carbon, such as nitrogen, which have important roles in shaping marine symbioses.
